Objectives The present study assessed the changes in functional, biochemical, and echocardiographic measures following long-term liothyronine therapy in heart failure (HF) patients with low-triiodothyronine (T3) syndrome (LT3S).
Introduction
Heart failure (HF) is a major public health problem and is one of the most common causes of hospitalization and death in the western world. Despite recent advances in early HF diagnosis along with the extensive use of neurohormonal blockade agents, that is, beta-blockers, angiotensin, and aldosterone inhibitors, HF-related morbidity and mortality are steadily increasing. This suggests the presence of other less-understood pathophysiological processes in this chronic systemic disease.
It has been presumed that changes in thyroid hormones may constitute an important pathophysiological component in the development and/or progression of HF. [1] [2] [3] [4] Low-triiodothyronine (T3) syndrome (LT3S), a type of sick euthyroid syndrome (SES), is the initial and most common alteration in the metabolism of thyroid hormones in patients with cardiac diseases, with an incidence of up to 30% in HF patients. [5] [6] [7] This syndrome is characterized by a reduction in serum total and free-T3 concentrations in the presence of normal thyroxin (T4) and thyroid-stimulating hormone (TSH, thyrotropin) levels. 8 In HF, patients with LT3S are associated with higher New York Heart Association (NYHA) functional class, alterations in cardiac index and ventricular filling pressures, and impaired left ventricular function. 6, 9 The negative prognostic impact of LT3S in patients with HF has also been demonstrated in several clinical studies. [5] [6] [7] [10] [11] [12] However, the benefits of thyroid hormone replacement in HF patients with LT3S have not been ascertained yet. Moreover, selection of the appropriate type of hormone to replace is another challenge. The majority of previous investigations have used levothyroxin (L-T4) preparations, and questions regarding the benefits of T3 replacement are still unresolved. As a result, the present study was intended to evaluate the beneficial effects of long-term T3 replacement with the synthetic form of T3 hormone (i.e. L-T3 sodium or liothyronine sodium), if any, on the functional, biochemical, and echocardiographic measures in HF patients with LT3S.
Method
Study design and population
The study design was a single-centre, randomized, prospective, double-blind, and placebo-controlled study. Patients were recruited consecutively from the Heart Failure and Transplant Clinic of Rajaei Cardiovascular, Medical and Research Center, Tehran, Iran from March 2013 to May 2014 to evaluate the efficacy of treatment with liothyronine for 6 weeks in adult patients (>18 years of age) with clinically stable NYHA classes I-III systolic HF (echocardiography-derived left ventricular ejection fraction of <40%) and LT3S receiving standard HF therapy. Patients with history of any type of primary thyroid disease were excluded. Patients were also excluded if they were taking thyroid hormones or derivatives, steroids, non-steroidal anti-inflammatory drugs, lithium, phenobarbital, iodinecontaining compounds, clofibrate, carbamazepine, antithyroid agents, or heparin. Patients who had received radiographic contrast medium within 4 weeks before study were also excluded. Additional exclusion criteria included amiodarone therapy during the past 6 months, concomitant severe systemic disease, ventricular arrhythmias, severe obesity (body mass index of >35 kg/m 2 ), and pregnant women or women undergoing estroprogestinic therapy.
Patients had been receiving optimized anti-HF therapy (adequate doses of diuretics and neurohormonal blockades including beta-blockers and angiotensin converting enzyme inhibitors or angiotensin receptor blockers) and aldosterone antagonists according to the latest guidelines on HF, 13, 14 and none of them had been hospitalized, had emergency visits, or changed medical therapy during the 3 preceding months. Moreover, patients were kept on the same medical regimen (including the type and dose of the medications) during all the study period. In the present study, LT3S is defined as a serum free T3 (fT3) of less than the lower limit of normal (<2.4 pg/mL) with normal TSH and free T4 (fT4) values. Stable thyroid function pattern with low fT3 levels was confirmed on the basis of two consecutive determinations within the last month before study.
Study protocol
At study entry, the subjects' clinical history was reviewed, and physical examination, echocardiography, 6-min walk test, and biochemical measurements were performed. Eligible patients were randomized 1:1 to receive double-blinded liothyronine or placebo. Patients were randomized in a consecutive order, starting with the lowest provided medication number. The investigators, patients, and laboratory personnel remained blinded to the treatment until the closure of the clinical database. In addition to their background therapy for HF, patients received 25 microgram PO per day liothyronine sodium (Cynomel® 0.025 mg, Sanofi-Aventis, France) or matching placebo (lactose). Active drugs and placebo were prepared in the identical opaque capsules by a pharmacist who was not involved in any other parts of the study. Patients were visited every 2 weeks, and drug toleration as well as probable side effects was evaluated. At the end of the 6th week, all patients were re-evaluated by the same investigators with examining biomedical indices, exercise parameters, and echocardiographic assessment. Primary outcome measure was the change in the 6-min walk distance (6MWD) over a 6-week period of liothyronine administration. The secondary outcome measures included the effects of liothyronine on NYHA function class, Nterminal pro-brain natriuretic peptide (NT-proBNP) level, highsensitivity (hs) C-reactive protein level (as a pro-inflammatory marker), and the echocardiographically derived left ventricular ejection fraction (LVEF) and LV dimensions and volumes. The safety of T3 replacement was assessed throughout the study by careful monitoring of haemodynamic measures (including heart rate and systolic/diastolic/mean blood pressures) and undesirable adverse events.
The present study was conducted in accordance with the ethical guidelines of the Declaration of Helsinki. Institutional Review Boards at Iran University of Medical Science approved the study protocol, and written informed consent was obtained from all patients.
Assessment of exercise capacity
New York Heart Association function class of patients was assessed by the same investigator evaluating patients at rest, dressing, walking, and climbing the stairs. NYHA classes range from I (no symptoms) to IV (symptoms at rest). Functional capacity of patients was also assessed using the 6-min walk test, conducted in a flat straight 30 m corridor according to the latest guideline provided by the American thoracic society. 15 The distance walked in 6 min is expressed in metres.
Blood sampling and analysis
Basal blood samples were taken at 08:00 h from an antecubital vein after a 30-min rest in supine position. Blood samples were collected in the morning after an overnight fast and immediately processed on the same day. Plasma NT-proBNP levels were measured by enzyme immunoassay (IMMULITE® 2000 XPi, Siemens Healthcare Diagnostic Inc., USA), intra-assay and inter-assay Coefficient Variations (CVs) being 1% and 2.1%, respectively (normal values < 100 pg/mL). fT3, fT4, and TSH were all measured by a chemiluminescence assay (Architect, Abbott Laboratories, North Chicago, IL, USA). The reference intervals for our laboratory are the following: fT3: 2.4-4.7 pg/mL, fT4: 7-18 pg/mL, and TSH: 0.27-4.2 mU/L.
Echocardiography
All patients underwent a complete echocardiographic examination with a commercially available system (Vivid ™ 7, GE Healthcare, Horten, Norway). The LV end-systolic and enddiastolic volume and LVEF were measured by the modified biplane Simpson's method from the apical four-chamber and two-chamber views. 16 M-mode left ventricular dimensions were obtained from the parasternal long-axis view. The velocity time integral of the aortic annular flow was obtained by tracing the pulse Doppler profile and multiplied by the area of the aortic annulus. 17 Deceleration time of early filling was measured from transmitral flow. All measurements were averaged over three consecutive beats.
Statistical analysis
All analyses were conducted by Statistical Package For Social Sciences (SPSS) software, version 19 (SPSS Inc., Chicago, IL, USA). All data were initially analyzed using the Kolmogorov-Smirnov test to assess for normality. Categorical variables are presented as numbers and percentages and quantitative ones as means ± standard deviation (SD). Categorical data were compared by the X 2 test, quantitative variables by the Student's t-test, the Mann-Whitney U test, and the Kruskal-Wallis test, as appropriate. For comparative analysis of quantitative variables between the study subgroups, Student's t-test was used. Relationships were assessed using Pearson, Spearman, or Kendall tests depending on their distribution. Changes in all of the outcome measures were normally distributed and were analyzed using 2-sample Student t-test. All P-values were two-tailed, and P < 0.05 was considered statistically significant.
Results

Patient demographics
Fifty patients with ischemic [n = 28 (56%)] and idiopathic dilated cardiomyopathy [n = 22 (44%)] including 39 (78%) men and 11 (22%) women with a mean ± SD age of 60 ± 15 (range 20-85) years, and a mean ± SD left ventricular ejection fraction of 26 ± 12 were included in the present study. The two study groups (each n = 25) were well matched in terms of age, sex, underlying causes of HF, and other clinical characteristics, NYHA class, 6MWD, NT-proBNP level, and other biochemical measures, as well as echocardiographic parameters. Baseline patient characteristics are depicted in Table 1 .
At presentation, 30 patients (60%) were in NYHA class III, 19 patients (38%) were in NYHA class II, and only one patient (2%) was in NYHA class I HF. Mean LVEF was 31 ± 6%, and mean 6MWD was 360 ± 168 m.
Effects of liothyronine on exercise tolerance
No significant difference was seen in the baseline NYHA function class of the study groups (P = 0.09). The NYHA class significantly declined in liothyronine and placebo groups (both P < 0.001). Fifteen patients (60%) in the liothyronine group improved from NYHA class III to NYHA class II compared with five patients (20%) in the placebo group. Two patients (8%) in the liothyronine group improved from NYHA class III to NYHA class I compared with six patients (24%) in the placebo group. Four patients (16%) in the liothyronine group and eight patients (32%) in the placebo group improved from NYHA class II to NYHA class I. One patient (4%) in the placebo group deteriorated from NYHA class III to class IV. All other patients (four patients: 16% in the liothyronine and five patients: 20% in the placebo groups) remained in their previous NYHA class. However, these changes in both groups were statistically comparable (P = 0.69).
Baseline mean 6MWD was comparable with the two study groups (350 ± 100 m, in the liothyronine group vs. 369 ± 218 m in the placebo group, P = 0.69). The 6MWD increased in the liothyronine group by 93 ± 16 m and in the placebo group by 67 ± 28 m, resulting in a treatment effect of 26 m (P = 0.003, Figure 1A) .
At the follow-up, two patients in the liothyronine group and two patients in placebo group died with no difference in the mortality rate between the two study groups.
Effects of liothyronine on haemodynamics
No significant differences were seen in the changes of haemodynamic measures, i.e., heart rate, systolic; diastolic and mean blood pressures, between the liothyronine and placebo groups (P = 0.64, 0.56, 0.85, and 0.73, respectively, Table 2 ).
Chronic stable heart failure and low-T3 syndrome
Effects of liothyronine on laboratory measurements
In patients receiving liothyronine, TT3, and fT3, levels significantly decreased, while total and fT4 and TSH levels remained at the statistically similar values. However, thyroid function measures were relatively constant during the study period in the placebo group. Liothyronine therapy markedly decreased serum NT-proBNP level, as compared with the Data are presented as mean ± standard deviation and number (%). ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker; CRT, cardiac resynchronization therapy; DLP, dyslipidemia; DM, diabetes mellitus; HF, heart failure; Hs-CRP, high-sensitivity C-reactive protein; HTN, hypertension; ICD, implantable cardiac device; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association; VAD, ventricular assisted device; 6MWD, 6-min walk distance. placebo (P = 0.01, Figure 1B ). Furthermore, a higher decrease of hs-C-reactive protein level was seen in patients in the liothyronine group than those in the placebo group (P = 0.009). The changes in the laboratory measurements during the study period are provided in Table 2 .
Effects of liothyronine on echocardiography parameters
The changes in the assessed echocardiographic parameters are depicted in Table 3 . The LVEF ( Figure 1C ) and LV endsystolic volume improved significantly in liothyronine group as compared with the patient taking placebo (both P < 0.001).
Discussion
In the present study, we assessed the beneficial role of longterm liothyronine therapy, if any, in HF patients with LT3S, that is, preserved TSH and T4 values in the presence of a low T3 level. The main finding of our study was that a 6-week trial of liothyronine therapy in these patients seems to improve exercise capacity, as reflected by 6MWD, and also decreases NT-proBNP level in clinically stable HF patients with LT3S receiving optimal anti-failure medications. Several clinical observational studies have shown that LT3S adversely affects long-term prognosis in HF and found it as an independent predictor of death in this population, even independently of NT-proBNP and other cardiovascular risk factors. 7, 18, 19 A number of structural and functional abnormalities have been recognized in the cardiac muscles of HF patients in the presence of a low-T3 level. 20 On the other hand, it has been demonstrated that improvement of the underlying heart disease, through the use of inotropes or cardiac transplantation, is accompanied by the reversal of the SES with an increase in fT3 serum level in HF patients. 21 Accordingly, because a bidirectional relation has been documented between the heart and thyroid gland, it might be possible that correction of the thyroid dysfunction in patients with LT3S may be beneficial in HF patients, via the same Data are presented as means ± standard deviation. DBP, diastolic blood pressure; HR, heart rate; Hs-CRP, high-sensitivity C-reactive protein; MAP, mean arterial pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; SBP, systolic blood pressure; TSH; thyroid-stimulating hormone, T3; triiodothyronine, T4; thyroxin. 21 Aloia et al. demonstrated the important effects of T3 serum level on clinical and haemodynamic measures of decompensated HF patients, even in patients receiving optimized standard acute heart failure treatment. 22 They also showed that LT3S reversibility with dobutamine therapy is associated with haemodynamic and neurohormonal improvement. Moreover, intravenous administration of T3 in advanced HF patients has been demonstrated to enhance cardiac output and reduce peripheral vascular resistance. 23 Short-term synthetic T3 administration in patients with dilated cardiomyopathy has been shown to be associated with significant ventricular performance improvement and modulation of neuroendocrine profile by reducing adrenaline, aldosterone, and NT-proBNP levels. 24 Similarly, improved cardiovascular remodelling and function by T3 replacement in HF patients with LT3S have also been demonstrated in other studies. 25, 26 In accordance with these results, we showed that T3 increment is associated with a higher reduction in NT-proBNP level in HF patients, even with 'still under-normal' levels of serum fT3.
The 6MWD is believed to be more reflective of daily living activities than the other functional parameters such as NYHA function class. 15 Currently, 6-min walk test is in extensive use for the assessment of the response to medical treatments in moderate to severe heart disease patients. Our study showed that long-term liothyronine therapy dramatically increases 6MWD in HF patients with LT3S as compared with patients receiving placebo.
Inflammation is associated with progression of chronic heart failure (CHF) and constitutes one of the major therapeutic targets in patients with HF. Our data also revealed that patients taking liothyronine had a higher reduction in hs-C-reactive protein level compared with the patients receiving placebo. This result is in agreement with those provided by Lubrano et al. that showed that impaired T3 production in patients with stable CHF is associated with enhanced proinflammatory cytokines, which may be responsible for pathogenic mechanisms resulting in HF progression. 27 During the study, liothyronine was well tolerated, and undesirable effects consisting of arrhythmias, myocardial ischemia, or haemodynamic instability were not documented. No significant changes were also noted in the haemodynamic parameters including heart rate and blood pressure.
We study a relatively small number of HF patients, which might limit the generalizability of our findings. Perhaps it is the major limitation of the present study. Definitely, the results provided by a larger group of HF patients with LT3S would be more reliable to ascertain the beneficial role of T3 restoration in these patients.
Conclusion
In conclusion, we demonstrated that T3 replacement with synthetic T3 (oral liothyronine) for 6 weeks results in significant improvement in LV systolic function, NT-proBNP and hs-C-reactive protein serum levels, and exercise tolerance, suggesting potential mechanisms by which liothyronine could safely benefit stable HF patients with LT3S receiving optimal anti-failure medications.
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